When studying the physical properties of liquid crystals (LCs) as well as their uses, the accurate determination of the thickness of LC films is essential. For LC cells, i.e., LC films sandwiched between glass substrates, an indirect method based on micrometric measurement of the spacer thickness is acceptable in some cases. Alternatively, optical interfero metric methods 1, 2 have been used. We are interested in the study of nematic liquid crystal (NLC) films with a free sur face, i.e., NLC films with one surface exposed to air. In our previous work, 3 a probe-pin method was used. This method utilized a pin which was mechanically contacted with airfilm and film-substrate interfaces successively and used di rect viewing of the pin position to determine the thickness of the film. Unfortunately, the probe-pin could perturb the director alignment, damage the coating material, or contami nate the liquid crystal. A reflection interferometer, first suggested by Kinzer, 1 can in principle be used for this pur pose. Briefly, a probe laser beam is focused into the LC cell. The cell is rotated off normal incidence by a known angle, and the light reflected from the cell surfaces is projected onto a screen a meter or more away. The beams reflected from either side of the LC film are expected to form an interfer ence fringe pattern on the screen. In most cases, however, it is not easy to observe such an interference pattern, because the refractive indices of typical NLC samples and the sub strate are almost equal. The light reflected from the filmsubstrate interfaces is extremely weak and buried in the waves reflected from the substrate-air interfaces. Although many other techniques for thickness measurement of thin liquid films have been described in the literature, 4,5 they are not directly applicable for our purpose.
In this Letter, we present two interferometric methods for measuring the NLC films with a free surface. They are easy to use and yield excellent accuracies. The optical arrange ment for both methods are shown in Fig. 1 . The range of thickness to be measured is around 100-300 μm. The NLC samples used in these experiments are 4'-n-pentyl-4-cyanobiphenyl (5CB) ~200 μm thick. The glass substrates are coated with n,n-dimethy1-n-octadecyl-3-aminopropyl-trimethoxysilyl chloride (DMOAP) for homeotropic align ment. For 5CB, the molecular orientation near the free surface is perpendicular to the surface. 3, 6 Thus an NLC film with a free surface is homeotropically aligned. However, this condition is not required as discussed at the end of this Letter.
In the first method, termed the modified reflection type interferometer (MRTI), the probe laser is focused with a lens with its focal length in the 20-50-mm range into the NLC sample. In contrast to the method used by Kinzer examined the interference fringes due to light reflected from the air-film and substrate-air interfaces, because these are much easier to observe. The optical path difference be tween waves reflected from these interfaces, as shown in Fig.  2 , is
In the second method, termed the transmission type inter ferometer (TTI), the birefringence of the liquid crystal mate rial is utilized. The experimental setup is also shown in Fig.  1 . The laser beam is polarized at a 45° angle off the inci dence plane and focused into the sample. The transmitted light passes through an analyzer crossed with the polarizer and the interference fringe pattern due to the s-and ppolarized waves is projected onto the screen. The optical arrangement is reminiscent of that of conoscopy. 7 By shin ing the probe laser at an angle, instead of normal incidence as in standard conoscopy, we are able to improve the contrast of fringes for thickness measurement. In our application, the substrate is an isotropic material, while the NLC film is optically uniaxial. When the laser beam is transmitted through the sample, the NLC film induces an optical path difference between the o-and e-rays, but the substrate does not. As a result, the substrate does not contribute to the interference signal in this type of interferometer.
The optical path difference between the o-and e-rays in the NLC film is given by 8 (see Fig. 3) where we have used the refraction laws for the o-and e-rays (sinθ = n 0 sinθ 0 and sinθ = n eff sinθ e ), n eff = n 0 n e /(n where θ is the angle of incidence of the He-Ne probe laser beam, d and n are, respectively, the thickness and refractive index of the NLC film, d s and n s are the corresponding quantities for the substrate. By measuring the fringe spac ing ∆X, one can obtain the NLC film thickness as where we have assumed that Δn = n -n s ≪ n. z is the distance from the focal point to the distant screen, λ is the vacuum wavelength of the probe laser (λ = 0.6328 μm). For convenience, we can choose the polarization of the probe laser so that n = n 0 , the ordinary index of refraction of the NLC film. Assuming that n s is a constant for a given batch of substrates, n s can be measured using the same apparatus by examining the interference fringe pattern for a bare refer ence substrate without the NLC: Fig. 2 . Optical path for the two waves reflected from the air-film and film-substrate interfaces in the modified reflection type inter ferometer.
where Δx s0 and d so are the observed fringe spacing and thick ness for this substrate, d so was measured using a micrometer with an accuracy of ±2 μm in this work.
To avoid the accumulated errors in measuring z, λ, θ, and n s in Eq. (2), we can use d so and Δx so to determine the constant C≡zλ (n 2 s -sin 2 θ)½/sin2θ = Δx so d so . Equation (2) can now be rewritten as where d s can be determined by using the constant C and observe the fringe spacing Δx s , since d s = C/Δ Xs . For in situ measurement of substrate thickness, one can focus the probe laser onto a region of the substrate not covered with the NLC film. Armed with these information, we can calculate NLC film thickness using Fig. 3 . Optical path when laser light transmitted through the ne matic liquid crystal film sample in the transmission type interferom eter. Table I . For a nominally 200-μm thick 5CB sample with n 0 = 1.534, n e = 1.706 at T = 25°C; n s = 1.526 and d s = 965 μm; z = 250 cm and θ = 45°; the fringe spacing for MRTI and TTI are 0.252 and 10.178 cm, respec tively. The fringe spacing for TTI is quite large. To cover two or more such fringes for measuring the fringe spacing, the incident beam must be tightly focused. To increase the contrast, a cylindrical lens instead of the spherical lens is used to expand the laser beam only in the incident plane. In principle, the fringe spacing of the TTI can also be reduced by multipassing the sample. Examining Eq. (4), one finds that uncertainties in the parameters z, θ, ∆x, and the tem perature would contribute to experimental error in the de termination of the thickness of the film by the TTI method. For the range of incidence angles, 40° < θ < 60°, ∆ X is not sensitive to the variation of θ. With the present apparatus, we estimate that the measurement accuracy for either meth od is ±1%. In comparison, one can use the TTI method for either homeotropic or planar aligned films. The fringe spac ing of the TTI is independent of the thickness and refractive index of the substrate, so it is more convenient than the MRTI method and also suitable for measuring the thickness of conventional NLC cells or other uniaxial birefringent media with known n 0 and e . The MRTI method can be used as long as the director of the NLC film is in a plane perpendicular to the substrate; one can select the laser inci dent plane so that it is parallel to this director plane.
Summarizing: we have demonstrated two simple interferometric methods for accurately measuring the thickness of a NLC film with a free surface.
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